bacterial cell uses dynamic spatial control as well as
Figure 1. Regulation of CtrA Activity during the Caulobacter Cell Cycle
Oval and theta structures within the cells represent quiescent and replicating chromosomes, respectively. The presence of CtrA in specific cell types is indicated in gray. CtrA is present in the swarmer cell (in G1 phase) and disappears at the swarmer-to-stalked (G1-to-S) transition due to specific proteolysis, relieving CtrA-mediated repression of the initiation of DNA replication. Therefore, only stalked cells initiate DNA replication. CtrA then accumulates by de novo synthesis in early predivisional cells, where it is activated by phosphorylation (CtrA-P). Later, a new flagellum is built at the stalk-distal pole of the predivisional cell. Just prior to division, CtrA-P is specifically proteolyzed in the stalked compartment of the late predivisional cell. The swarmer progeny inherits the CtrA-P, whereas the stalked progeny has no CtrA-P and can thereby initiate DNA replication. temporal control of critical factors to regulate cell cycle magnitude every 2 hr. Thus, at 37ЊC the mutation disrupts functions essential for viability. progression.
The replication of the chromosome occurs only once during the Caulobacter cell cycle, and the initiation of Results DNA replication is a temporally regulated event that is restricted to the stalked cell phase. To test whether Isolation of Temperature-Sensitive, the temporal control of DNA replication initiation was Pleiotropic Mutants perturbed in the cckATS1 mutant, we measured the DNA Given the interplay between morphogenesis and cell content of cckATS1 mutant cells by flow cytometry (Figcycle progression in Caulobacter, spatially localized orure 2B). At 28ЊC, the DNA content of cckATS1 cells was ganelles and events critical for the progression of the fairly similar to that of wild-type cells, with most cells cell cycle must share regulatory factors. CtrA is such a possessing one or two chromosomes per cell. Upon factor; it controls both polar organelle development and shift to 37ЊC, however, DNA initiation was no longer cell cycle events. Therefore, to identify novel genes esregulated. By 1 hr after the shift, there were no cells sential for the control of both cellular differentiation and with one chromosome (data not shown), and by 4 hr cell cycle progression, we isolated temperature-sensimost cells contained approximately ten chromosomes tive (ts) mutants defective in polar organelle develop-( Figure 2B ). Wild-type cells shifted to 37ЊC did not accument at 28ЊC and defective in functions essential for mulate chomosomes. It is known that CtrA directly reviability at 37ЊC. Of the spatially localized developmental presses the initiation of DNA replication by binding to markers, two pole-specific deficiencies can be easily five sites within the origin of replication (Quon et al., screened for: a deficiency in polar pilus formation can be 1998). In the loss-of-function ctrA ts mutant (ctrA401), scored as bacteriophage ⌽CbK resistance (J. Skerker, initiation of replication is no longer regulated at 37ЊC, personal communication), and a deficiency in flagellar and the result is chromosome accumulation (Quon et biogenesis or motility can be scored as a reduced swarm al., 1998), similar to what is seen in the cckATS1 mutant. size on soft agar. A two-step screen was performed to isolate mutants that were phage resistant, nonmotile, and ts lethal. Five independent mutants that could grow CckA Is a Histidine Kinase Protein at 28ЊC but not at 37ЊC were isolated. For four of these that Is Essential for Viability ts mutants, the phenotypes could be corrected by exAll of the observed cckATS1 phenotypes were complepressing the ctrA gene from a plasmid, strongly sugmented by a single cosmid from a genomic library. Subgesting that the mutations lie within the ctrA gene itself.
cloning experiments identified an open reading frame The remaining ts mutant, cckATS1, was kept for further (ORF) of 2.08 kb, which, when expressed from a plasmid investigation.
in the cckATS1 mutant, restored normal cell division, motility, phage sensitivity, and viability at 37ЊC. The translated ORF shows extensive homologies with memThe Regulation of Cell Division and the Initiation of DNA Replication Are Aberrant bers of the histidine kinase superfamily of two-component signal transduction proteins. CckA belongs to the in the cckATS1 Mutant As shown by phase contrast microscopy (Figure 2A ), at subclass of sensor histidine kinases that not only have the typical transmitter domain (including the conserved 28ЊC the cckATS1 strain already exhibited a mild cell division defect, but upon shifting to 37ЊC, cell division histidine and catalytic boxes) but also a receiver domain (amino acids 565-691) that is homologous to the aminorapidly ceased and the cells became extremely filamentous. Most filaments were unpinched, indicating that terminal half of response regulators ( Figure 3A) . At the N terminus, CckA has two predicted transmembrane cell division is most likely blocked prior to the initiation of cytokinesis. Even at 37ЊC, the cckATS1 mutant continsegments (TM) separated by only about eight amino acids that would be exposed to the periplasmic space. ued to accumulate cell mass at a rate similar to wildtype (as determined by the optical density at 660 nm).
The membrane localization of the protein was confirmed by biochemical fractionation (see below, Figure 6B ). The Immediately after temperature shift to 37ЊC, the number of colony-forming units (cfu) stopped increasing; 2 hr cckATS1 allele has a double replacement of Ile-484 and Pro-485 residues by Asn and Ala residues, respectively after, the cfu began to drop at a rate of one order of (site shown by asterisk in Figure 3A 
CckA-GFP Transiently Localizes to the Pole in a Cell Cycle-Dependent Manner
As we have seen, CckA is present at constant levels throughout the cell cycle. Yet CtrA is present in its phosphorylated state in swarmer and predivisional cells but Since CckA is a stable protein that is present at similar levels throughout the cell cycle, the change in CckA distribution during the cell cycle does not appear to be regulated by specific proteolysis or de novo synthesis, but instead, it is due to the cell cycle-controlled movement of the same pool of proteins and their anchoring at the pole(s).
Both Polar Localization and Activity of CckA Require Membrane Anchoring
To determine whether membrane targeting was essential to CckA polar localization, we generated a construct in which the predicted transmembrane region was deleted. The resulting mutant protein, CckA⌬TM, was expressed from a plasmid (pMR20cckA⌬TM) in wild-type CB15N. A chromosomal disruption of the wild-type cckA gene was attempted in the CB15N/pMR20cckA⌬TM strain by transduction of ⌬cckA::Gent R knockout and selection for gentamycin-resistant (Gent R ) recombinants. No Gent R transductants could be obtained when CckA⌬TM was expressed from a plasmid, whereas under the same conditions, 200 Gent R transductants were recovered when wild-type cckA was expressed in trans. This indicates that the transmembrane domain of CckA, and therefore membrane anchoring, is essential for viability. Next, we fused the CckA⌬TM mutant allele to GFP ( Figure 6A ). When the mutant CckA⌬TM-GFP protein was expressed from a plasmid (pMR10cckA⌬TMGFP) in wild-type CB15N, it was mainly found in the soluble fraction after biochemical fractionation, whereas the chromosomal CckA-GFP remained in the membrane fraction ( Figure 6B) . A small fraction of CckA⌬TM-GFP in the dimerization process that is known to be an imDiscussion portant factor in the regulation of histidine kinase activities (Surette et al., 1996) . In an attempt to determine By screening for ts lethal mutants with polar organelle defects, we have identified a novel histidine kinase, the importance of the CckA transmembrane region, pMR20cckA⌬TM was introduced into the cckATS1 muCckA, that controls initiation of DNA replication and cell division in Caulobacter. Like the CtrA response regulatant strain. CckA⌬TM corrected the cell division defect and the ts lethal phenotype of the cckATS1 mutant (data tor, the CckA histidine kinase is essential for viability. is initiated, active CtrA-P binds to the origin to prevent premature reinitiations. The activation of CckA by its In early predivisional cells, however, the CckA-GFP proteins concentrated at the pole opposite to the stalk (i.e., polar localization may depend on a cell cycle cue or upstream factor that is localized at the pole before CckA. at the pole formed by the previous cell division). The polar localization of CckA-GFP was retained until cell Later in the cell cycle, CtrA-P is cleared from the stalked compartment of the predivisional cell but remains stable division. Some predivisional cells gained another, but weaker, fluorescent signal at the stalked pole, indicating in the swarmer compartment. At division, CckA is delocalized in both progeny cells. In the stalked progeny that in this population of cells, CckA-GFP accumulated at both poles. At cell division, CckA-GFP was redistribcell, the redundant actions of dephosphorylation and clearance of CtrA by proteolysis ensure that DNA repliuted around the cell membrane, and it did not relocalize to the new pole until the progeny cells differentiated cation is initiated. Just after the initiation of replication, CckA polarly localizes and remains localized as DNA is into early predivisional cells. Thus, although the overall amount of the CckA protein does not vary during the replicating. In this active form, CckA phosphorylatesdirectly or indirectly-the newly synthesized CtrA procell cycle, the spatial distribution of the CckA protein in the cell exhibits striking changes.
tein, which then, as CtrA-P, binds to the origin and prevents extra initiations. On the other hand, the swarmer Deletion of the predicted transmembrane-spanning region of CckA disrupted polar localization. Expression progeny inherits CtrA-P from the predivisional cell, which prevents DNA from initiating replication. CckA is (Nigg et al., 1985; Adams et al., 1991). Because of the relatively small cell size and the lack of conspicuous delocalized in the swarmer cell, so that CtrA is no longer internal structures and compartments in prokaryotes, continuously phosphorylated by CckA. One possibility the existence of a mechanism for signal transduction is that as the cells differentiate into stalked cells, the pool by localization of kinases seemed unlikely. However, the of CtrA-P progressively decreases to below a threshold discovery that in Caulobacter, CckA changes its cellular concentration that is needed to maintain repression of location as a function of the cell cycle emphasizes that DNA initiation. In this scenario, the inactivation of the prokaryotes and eukaryotes use similar strategies to CckA kinase by its loss of polar localization results in solve the universal problems of cell cycle regulation. the progressive dephosphorylation of CtrA, essential for the exit from G1 phase and entry into the S phase.
Experimental Procedures
Alternatively, another kinase activity may be required for ensuring repression of DNA initiation in swarmer cells.
Bacterial Strains, Plasmids, and Media
The spatial distribution of CckA does not appear to CckA was resolved One cosmid that could correct all cckATS1 phenotypes was isolated. Restriction fragments of the cosmid were subcloned into plason a 10% SDS polyacrylamide gel and quantitated with a Molecular Dynamics Phosphoimager. mids pMR10 or pMR20 based on their ability to complement the ts cckATS1 defect at 37ЊC. The complementing plasmid containing Soluble and membrane protein fractions were prepared from logphase cultures as previously described (Stephens et al., 1997) . the cckA gene was sequenced on both strands. The nucleotide sequence of cckA has been deposited under GenBank accession number AF133718. The chromosomal cckATS1 allele was cloned
In Vivo Phosphorylation using a plasmid recovery technique and sequenced to identify the In vivo phosphorylation experiments were performed as previously mutation. The sequence similarity search using the CckA protein described (Domian et al., 1997) with the following modification: each sequence as a query was done with BLAST (Altschul et al., 1990) 
